Introduction
============

According to the cancer statistics database from the American Cancer Society (ACS) liver cancer is one of the six most frequent malignancies and ranks the fifth leading cause of cancer-associated mortalities in the US ([@b1-ol-0-0-10802]). Globally, liver cancer is the 3rd leading cause of cancer-related death with \~700,000 deaths occurring annually ([@b2-ol-0-0-10802]). Despite the combined use of chemotherapy and surgery, the prognosis and survival rates of liver cancer patients remain poor ([@b3-ol-0-0-10802]).

The early stage diagnosis of liver cancer and the prediction of liver cancer patient prognosis are considered imperative for the prevention of this disease ([@b4-ol-0-0-10802]). Certain tumor markers including α-fetoprotein, carcinoembryonic antigen, transforming growth factor-β and microRNA-500/29/112 have been previously used for early diagnosis and prognosis of liver cancer ([@b5-ol-0-0-10802],[@b6-ol-0-0-10802]). However, the use of these tumor markers remains limited. Therefore, several research groups have focused on the development of novel biomarkers for the early detection and prognosis of liver cancer.

NAD(P)(H)-dependent oxidoreductase genes of the aldo-keto reductase type 1C (*AKR1C*) family, including *AKR1C1, AKR1C2, AKR1C3* and *AKR1C4* are located on chromosome 10p15-p14 ([@b7-ol-0-0-10802]). Normally, AKR1C1, AKR1C2, AKR1C3 and AKR1C4 enzymes are implicated in steroid metabolism and their expression levels are localized in the normal tissues of the lung, liver, prostate, testis and mammary glands. The upregulation or downregulation of AKR1C1, AKR1C2, AKR1C3 and AKR1C4 are associated with several human tumors including ovarian, breast, colon, prostate, gastric and leukemia ([@b8-ol-0-0-10802]--[@b12-ol-0-0-10802]). However, the exact functions of the different AKR1C1, AKR1C2, AKR1C3 and AKR1C4 members in combination with tumorigenesis and liver cancer prognosis have not been fully identified.

In the present study, the expression levels of the AKRIC family isoforms were examined in liver cancer, in order to determine the expression pattern of distinct AKR1C family members in liver cancer tissues compared with that noted in normal tissues. Moreover, the corresponding prognostic value of AKR1C1-3 was examined in liver cancer. The present analysis can improve the early diagnosis of liver cancer and support the individual care for liver cancer treatment.

Materials and methods
=====================

### Validation AKR1C1, AKR1C2, AKR1C3 and AKR1C4 genes expression by Oncomine analysis

Oncomine gene expression array datasets (<https://www.oncomine.org/>) is an online cancer microarray database ([@b13-ol-0-0-10802]) that contains 19 cancer types, 715 datasets and 86,733 samples corresponding to \~48 million gene expression measurements. Differential expression analyses comparing most cancer tissue types with the corresponding normal tissues were available for exploration. The data could be queried and visualized for a selected gene across all analyses ([@b13-ol-0-0-10802]). Regarding the differential analysis of *AKR1C1, AKR1C2, AKR1C3* and *AKR1C4* between liver cancer tissues and normal liver samples, the thresholds were set as follows: Analysis type: Cancer vs. normal; cancer type: Liver cancer; sample type: Clinical specimen; data type: mRNA. The individual mRNA levels of *AKR1C1, AKR1C2, AKR1C3* and *AKR1C4* in different types of cancers were determined from the Oncomine database in comparison with the levels of the corresponding normal tissues. In the present study, the top 10% gene rank with a P\<0.001 and fold-change \>2 were used as thresholds.

### Evaluation of AKR1C1, AKR1C2, AKR1C3 and AKR1C4 mRNA levels by Cancer Cell lines Encyclopedia (CCLE) analysis

The CCLE project is a collaboration between the Broad Institute, the Novartis Institutes for Biomedical Research and the Genomics Novartis Foundation that aims to conduct a detailed genetic and pharmacological characterization of a large panel of human cancer models in order to develop integrated computational analyses that link distinct pharmacological vulnerabilities to genomic patterns ([@b14-ol-0-0-10802]). Furthermore, the CCLE project aims to translate cell line integrative genomics into cancer patient stratification and consists of a compilation of gene expression, chromosomal copy number and parallel sequencing data ([@b14-ol-0-0-10802]). All raw and processed data are available at an integrated portal on [www.broadinstitute.org/ccle](www.broadinstitute.org/ccle). The CCLE provides public access to genomic data, analysis and visualization for 1,062 cell lines representing 37 distinct cancer types. The investigation of the mRNA levels of *AKR1C1, AKR1C2, AKR1C3* and *AKR1C4* in a series of cancer cell lines was conducted by CCLE analysis. The gene expression data were derived from human cancer cell lines, in order to identify whether and/or to what extent the *AKR1C1, AKR1C2, AKR1C3* and *AKR1C4* genes were expressed in liver cancer cell lines compared with their expression in other types of cancer cell lines.

### Comparison of the AKR1C family gene expression levels in liver cancer and paired normal tissues by the Gene Expression Profiling Interactive Analysis (GEPIA) database

GEPIA is a newly developed interactive web database including 9,736 tumor and 8,587 normal samples from the TCGA and GTEx projects, which can be used for RNA sequencing and RNA expression analyses. GEPIA provides customizable functions, such as tumor and/or normal differential expression analysis, profiling according to cancer types or pathological stages, patient survival analysis, detection of gene expression similarities, correlation analysis and dimensionality reduction analysis. GEPIA fills in the gap between cancer genomics big data and the delivery of integrated information to end users, thereby facilitating the prognostic value of the current data resources. GEPIA is available at <http://gepia.cancer-pku.cn/>. In the present study, this online tool was used to analyze the levels of the *AKR1C* family members between liver cancer and normal control specimens. Statistical analysis was performed using the Student\'s t-test to and the cut-off P\<0.01.

### Prognostic value assessment of AKR1C1-3 using the Kaplan-Meier plotter survival analysis

The prognostic significance of the mRNA expression levels of the *AKR1C1-3* in several cancer types was evaluated using the Kaplan-Meier plotter (<http://www.kmplot.com>), an online database that can be used to assess the effect of genes in cancer prognosis. The Kaplan-Meier plotter can assess the effects of 54,675 genes on survival using 10,461 cancer samples. The analysis was applied to evaluate the prognostic value of the gene expression levels of the *AKR1C1-3* in liver cancer. In this database, the data were extracted regarding lung ([@b15-ol-0-0-10802]), ovarian ([@b16-ol-0-0-10802]), liver ([@b17-ol-0-0-10802]), gastric ([@b18-ol-0-0-10802]) and breast cancers ([@b19-ol-0-0-10802]). The patient samples were divided into two cohorts according to the median expression of each gene (high vs. low expression). The overall survival (OS) of liver cancer patients was analyzed using a Kaplan-Meier survival plot. Briefly, the three genes (*AKR1C1, AKR1C2* and *AKR1C3*) were uploaded into the database to obtain the Kaplan-Meier survival plots, in which the number-at-risk was shown below the main plot. Subsequently, the plot data was exported as text and the Kaplan-Meier survival curves for the expression of each gene of interest.

### Co-expression and protein-protein interaction (PPI) network construction

The top 100 co-expression genes were extracted of *AKR1C3* across all tumor samples from the GEPIA database (<http://gepia.cancerpku.cn/index.html>) and then the Search Tool for the Retrieval of Interacting Genes (STRING) database (<http://string-db.org/>) was designed in order to analyze the PPI information ([@b20-ol-0-0-10802]). To evaluate the potential PPI relationship, the previously identified DEGs were mapped to the STRING database. The PPI pairs were extracted with a combined score of 0.4. Subsequently, the PPI network was visualized by the Cytoscape software (version 3.6.1; [www.cytoscape.org/](www.cytoscape.org/)). The nodes with a higher degree of connectivity appeared more essential in maintaining the stability of the entire network.

### Statistical analysis

*AKR1C1-4* genes were queried in Oncomine database and the results were filtered by selecting 'liver cancer', 'mRNA and cancer vs. normal analysis', '2-fold change', 'P\<0.001' and 'top 10% gene rank'. In CCLE database, the line within a box indicatesthe mean. The following settings for GEPIA were used as: 'Expression on Box Plots', 'Gene=FNDC1', '\|log2FC\| Cutoff=1', 'P-value Cutoff=0.01', 'Datasets=STAD', 'Log Scale=log~2~(TPM + 1)', 'Jitter Size=0.4' and 'Match TCGA normal and GTEx data'. The prognostic value of the *AKR1C1-3* genes in liver cancer was analyzed using the Kaplan-Meier Plotter. The settings were used for the analysis: 'Overall survival', 'auto select best cutoff', 'censored at threshold', (patients surviving over the selected threshold are censored instead of excluded), 'tumor stage all', 'tumor stage Tall', 'tumor stage N all', 'tumor stage M all', 'Lauren classification all' and 'differentiation all'. The *AKR1C* genes probe set was 48--315996, 17--101636, 226--101485 and 226--101485 respectively. Patients were split according to median expression or expression at best cutoff for the probe. The results of the Kaplan-Meier analysis are presented with hazard ratio (HR) and log-rank P-values from a log-rank test. P\<0.05 was considered to indicate a statistically significant difference. The data were extracted from the Oncomine database, CCLE, GEPIA website and Kaplan-Meier Plotter between December 2017 and March 2019.

Results
=======

### The diverse expression patterns of AKR1C1, AKR1C2, AKR1C3 and AKR1C4 genes as determined by analysis of the Oncomine database

Using Oncomine analysis, the mRNA levels of the *AKR1C* family of genes in various human cancer types including hematogenous malignancies and solid tumors were investigated. The number in each cell represents the number of analyses that meet the threshold within those analysis and cancer types. There were 3 and 2 analyses that meet the thresholds for AKR1C3 and AKR1C4 respectively ([Fig. 1](#f1-ol-0-0-10802){ref-type="fig"}). No analysis met the thresholds for AKR1C1 and AKR1C2.

To further examine the expression status of *AKR1C1, AKR1C2, AKR1C3* and *AKR1C4* genes in liver cancer, the data corresponding to the four genes with regard to the liver cancer tissue number, normal tissue number, fold-change, t-test T, P-value and rank were summarized ([Table I](#tI-ol-0-0-10802){ref-type="table"}). Among the *AKR1C* family of genes, *AKR1C3* was overexpressed at the highest levels in liver cancer (n=386) compared with those noted in normal tissues (n=327) in the studies of Chen *et al* ([@b21-ol-0-0-10802]), Wurmbach *et al* ([@b22-ol-0-0-10802]) and Roessler *et al* ([@b23-ol-0-0-10802]) with fold-changes between 1.774 and 3.438. The differential expression analysis of *AKR1C1* and *AKR1C2* exhibited fold-changes of 1.435 and 1.543 for liver cancer (n=35) and normal tissues (n=10), respectively, as determined in the Wurmbach *et al* ([@b22-ol-0-0-10802]) study. However, *AKR1C4* was downregulated in liver cancer (n=225) compared with its corresponding expression in normal tissues (n=220) with a fold change of −2.594 as shown in the Roessler *et al* ([@b23-ol-0-0-10802]) study.

The expression levels of *AKR1C3* were differentially overexpressed between liver cancer and normal tissues, whereas the expression levels of *AKR1C4* were downregulated in liver cancer tissues. The expression levels of *AKR1C1* and *AKR1C2* in liver cancer tissues were not increased significantly.

### The expression levels of AKR1C1, AKR1C2, AKR1C3 and AKR1C4 are upregulated in liver cancer cell lines as determined by CCLE analysis

The expression levels of *AKR1C1, AKR1C2, AKR1C3* and *AKR1C4* in liver cancer cell lines were ranked as the top 3 out of 37 distinct cancer types in the CCLE databases ([Fig. 2](#f2-ol-0-0-10802){ref-type="fig"}). The total of their expression levels was higher than that of the other cancer types ([Fig. 2](#f2-ol-0-0-10802){ref-type="fig"}). These results were consistent with those for *AKR1C1-3* indicating that these genes were upregulated in liver cancer as determined by the Oncomine database. In contrast to *AKR1C1-3*, the expression levels of *AKR1C4* were significantly downregulated in liver cancer samples derived from the Oncomine database but were highly expressed in the CCLE database ([Table I](#tI-ol-0-0-10802){ref-type="table"}; [Fig. 1](#f1-ol-0-0-10802){ref-type="fig"}). It was implied that *AKR1C1-3*, especially *AKR1C3* may play roles in the development of liver cancer. The role of *AKR1C4* in liver cancer should be further examined.

### AKR1C1, AKR1C2, AKR1C3 and AKR1C4 are differentially expressed in liver cancer tissues as determined by GEPIA analysis

To examine the expression levels of *AKR1C* members in liver cancer, their mRNA levels were compared between liver cancer and normal liver samples using GEPIA. The GEPIA database included 369 liver cancer and 160 normal liver tissues, which were used for the expression analysis ([@b24-ol-0-0-10802]). The data indicated that the *AKR1C1-4* gene members were overexpressed in liver cancer samples compared with normal liver samples. The boxplot (P\<0.05; [Fig. 3](#f3-ol-0-0-10802){ref-type="fig"}) revealed consistent data with those obtained by the CCLE database analysis.

### Association of AKR1C1, AKR1C2 and AKR1C3 with survival time in liver cancer patients

It was found that the expression levels of AKR1C1-3 were elevated in liver cancer tissues and cells as demonstrated by the Oncomine, CCLE and GEPIA databases. However, the expression levels of the AKR1C4 gene as determined by the Oncomine, CCLE and GEPIA databases were not consistent. Therefore, the association between the liver cancer patient survival time and the mRNA expression levels of the *AKRIC1-3* genes was identified using a Kaplan-Meier plotter. The survival curves were plotted for all liver cancer patients ([Fig. 4](#f4-ol-0-0-10802){ref-type="fig"}). Liver cancer patients with high expression of AKR1C1 (HR=1.78; P=0.0012), AKR1C2 (HR=1.51; P=0.028) and AKR1C3 (HR=1.69; P=0.027) exhibited a significant association with lower OS. High mRNA expression levels of AKR1C1, AKR1C2 and AKR1C3 were significantly associated with low OS in all liver cancer patients.

### The co-expression and PPI network construction

Co-expression gene analysis was conducted by the PPI networks of AKR1C3, which were differentially expressed in liver cancer ([Fig. 5](#f5-ol-0-0-10802){ref-type="fig"}). It was shown that *AKR1C1-3* was involved in the same pathway displaying 44 total unique interactors.

Discussion
==========

The aldo-keto reductase type 1C comprises the isoforms AKR1C1-AKR1C4 that serve important roles in the metabolism of steroid hormones, conjugated steroids, neurosteroids and bile acids ([@b10-ol-0-0-10802],[@b12-ol-0-0-10802],[@b25-ol-0-0-10802]--[@b27-ol-0-0-10802]). These enzymes are also involved in the modulation of carcinogen metabolism ([@b10-ol-0-0-10802],[@b12-ol-0-0-10802],[@b25-ol-0-0-10802]--[@b27-ol-0-0-10802]). AKR1C1 is an important contributor in the proliferation and migration of tumor cells including small-cell lung cancer and breast cancer ([@b12-ol-0-0-10802],[@b26-ol-0-0-10802]). The *AKR1C2* gene may contribute to the incidence, progression and invasion of breast cancer ([@b12-ol-0-0-10802]) and hepatocellular carcinoma ([@b28-ol-0-0-10802]). *AKR1C3* overexpression is associated with the progression and aggressiveness of non-small-cell lung cancer, esophageal cancer and prostate cancer ([@b10-ol-0-0-10802],[@b29-ol-0-0-10802],[@b30-ol-0-0-10802]). The catalytic-dependent and-independent function of the AKR1C isoforms demonstrated critical roles in the proliferation and migration of cells and in tumor drug resistance ([@b31-ol-0-0-10802]). To the best of our knowledge, the association between the expression levels of the AKR1C isoforms and the incidence of liver cancer has not been examined to date.

Liver cancer is one of the leading causes of cancer-related deaths worldwide. The 5-year OS rate of liver cancer patients is \<5% ([@b32-ol-0-0-10802]). Early diagnosis provides the only cure for these patients. In addition to surgical resection, ablation and liver transplantation are used frequently as therapeutic modalities for liver cancer patients. Molecular-targeted therapies are considered potential emerging treatment of advanced liver cancer.

The present study initially demonstrated that high expression levels of *AKR1C1-3*, notably *AKR1C3*, predicted low survival. Using the Oncomine, CCLE and GEPIA databases, the expression levels of the *AKR1C* family members were analyzed in liver cancer samples and compared with the corresponding expression levels of the normal samples. The results demonstrated that the expression levels of *AKR1C3* were elevated in liver cancer tissues compared with those of the normal tissues. The expression levels of AKR1C1 and AKR1C2 in liver cancer tissues were not increased significantly in the Oncomine database while expression was high in CCLE and GEPIA databases. However, the expression levels of the *AKR1C4* gene that were noted in the Oncomine, CCLE and GEPIA databases were not consistent. The role of *AKR1C4* in liver cancer requires further examination. The elevated expression of *AKR1C3* in the Oncomine, CCLE and GEPIA databases suggested that *AKR1C3* may serve as a potential diagnostic, therapeutic biomarker for liver cancer patients.

Survival analysis of the levels of *AKR1C1-3* demonstrated similar results indicating that overexpression of *AKR1C1-3* was associated with lower survival in patients with liver cancer. These results suggested the critical role of AKR1C1-3 regarding their contribution in liver cancer initiation and/or progression.

To the best of our knowledge, the regulation of the expression levels of *AKR1C* in liver cancer has not been explored. A limited number of reports have shown that the overexpression of *AKR1C2* and *AKR1C3* are associated with liver cancer progression ([@b28-ol-0-0-10802],[@b33-ol-0-0-10802]). Although the AKR1C1-3 enzymes are involved in the same pathway, the exact mechanism of their contribution to the occurrence, development and prognosis of liver cancer is still unknown.

AKR1C1-3 can act as promising biomarkers for liver cancer diagnosis and prognosis. The high expression of AKR1C1-3, notably *AKR1C3* may be associated with the incidence, development and prognosis of liver cancer. Nevertheless, the current study presented results derived solely from bioinformatics analyses and further experimental evidence is required to validate these findings.
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![mRNA expression levels of *AKR1C1, AKR1C2, AKR1C3* and *AKR1C4* in cancers. The graphic demonstrates the numbers of datasets with statistically significantly upregulated (red) or downregulated (blue) expression of the target gene mRNA. The cell color is determined by the best gene rank percentile for the analyses within the cell. The number in each cell represents the number of analyses that met the criteria 'Gene: *AKR1C1* or *AKR1C2* or *AKR1C3* or *AKR1C4*; Analysis Type: Cancer vs. Normal Analysis; Cancer Type: Liver Cancer; Data Type: mRNA'. The expression levels of the four genes in liver cancer are shown in the red frame. The significant mRNA of the AKR1C3 and AKR1C4 genes were upregulated (red cell, 3 analyses) and downregulated (blue cell, 2 analysis), respectively, whereas the expression levels of *AKR1C1* and *AKR1C2* did not significantly change (white cell, no analysis). The gene rank was analyzed by the percentile of target gene in the top of all genes measured in each research. Data observed using Oncomine database (<https://www.oncomine.org/>). *AKR1C*, aldo-keto reductase type 1C.](ol-18-05-4515-g00){#f1-ol-0-0-10802}

![The expression levels of *AKR1C1, AKR1C2, AKR1C3* and *AKR1C4* were upregulated in liver cancer cell lines. (A-D) The mRNA expression levels of (A) *AKR1C1*, (B) *AKR1C2*, (C) *AKR1C3* and (D) *AKR1C4* in liver cancer cell lines were ranked second, second, third and the first among a variety of cancer cell lines, respectively (shown in red frame). Data were analyzed using the Cancer Cell Line Encyclopedia database ([www.broadinstitute.org/ccle](www.broadinstitute.org/ccle)). RMA, Robust Multi-array Average; *AKR1C*, aldo-keto reductase type 1C.](ol-18-05-4515-g01){#f2-ol-0-0-10802}

![*AKR1C1-4* are upregulated in liver cancer samples compared with normal liver samples. The box plots of 369 liver cancer samples (red) and 160 normal samples (gray) revealed upregulation of *AKR1C* family members in liver cancer compared with normal tissue. The height of each bar represents the median expression of certain tumor or normal tissues. The whiskers represent the minimum and maximum values within each sample set. Data were analyzed using GEPIA database (<http://gepia.cancer-pku.cn/>). \*P\<0.05. LIHC, liver hepatocellular carcinoma. *AKR1C*, aldo-keto reductase type 1C.](ol-18-05-4515-g02){#f3-ol-0-0-10802}

![Patients with liver cancer with high expression of *AKR1C1-3* exhibit poor overall survival. (A-C) The survival curves of the (A) *AKR1C1*, (B) *AKR1C2* and (C) *AKR1C3* expression analysis were plotted using Kaplan-Meier Plotter for patients with liver cancer. The red line indicates patients with *AKR1C* expression above the median, and the black line indicates patients with AKR1C factor expression below the median. Data were obtained from the Kaplan-Meier database (<http://www.kmplot.com>). *AKR1C*, aldo-keto reductase type 1C; HR, hazard ratio.](ol-18-05-4515-g03){#f4-ol-0-0-10802}

![*AKR1C1-3* are involved in a pathway with 44 unique interactors. Data were obtained from the Gene Expression Profiling Interactive Analysis database (<http://gepia.cancer-pku.cn/>), analyzed using the Search Tool for the Retrieval of Interacting Genes database (<http://string-db.org/>) and visualized using Cytoscape software. *AKR1C1-3*, aldo-keto reductase type 1C1-3.](ol-18-05-4515-g04){#f5-ol-0-0-10802}

###### 

The mRNA expression of *AKR1C* family genes in normal and liver cancer tissue.

  Gene     Liver cancer, n   Normal, n   Fold-change   t-test, T   P-value        Gene rank^[a](#tfn1-ol-0-0-10802){ref-type="table-fn"}^, %   (Refs.)
  -------- ----------------- ----------- ------------- ----------- -------------- ------------------------------------------------------------ -----------------------
  AKR1C1   35                10          1.435         2.533       8.00×10^−3^    21                                                           ([@b21-ol-0-0-10802])
  AKR1C2   35                10          1.543         3.626       4.53×10^−4^    11                                                           ([@b21-ol-0-0-10802])
  AKR1C3   225               220         3.438         22.18       3.86×10^−71^   1                                                            ([@b22-ol-0-0-10802])
           22                21          2.965         6.185       1.44×10^−7^    4                                                            ([@b22-ol-0-0-10802])
           35                10          2.470         6.309       1.62×10^−6^    3                                                            ([@b21-ol-0-0-10802])
           104               76          1.774         6.140       2.81×10^−9^    7                                                            ([@b22-ol-0-0-10802])
  AKR1C4   225               220         −2.594        −9.710      7.89×10^−20^   9                                                            ([@b21-ol-0-0-10802])

The gene rank was analyzed by percentile of target gene in the top of all genes measured in each study. Data were analyzed using Oncomine database (<https://www.oncomine.org/>). *AKR1C*, aldo-keto reductase type 1C.
